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This paper proposes a methodology for improvement of energy efﬁciency in buildings through the
innovative simultaneous incorporation of three distinct phase change materials (here termed as hybrid
PCM) in plastering mortars for façade walls. The thermal performance of a hybrid PCM mortar was
experimentally evaluated by comparing the behaviour of a prototype test cell (including hybrid PCM
plastering mortar) subjected to realistic daily temperature proﬁles, with the behaviour of a similar
prototype test cell, in which no PCM was added. A numerical simulation model was employed (using
ANSYS-FLUENT) to validate the capacity of simulating temperature evolution within the prototype
containing hybrid PCM, as well as to understand the contribution of hybrid PCM to energy efﬁciency.
Incorporation of hybrid PCM into plastering mortars was found to have the potential to signiﬁcantly
reduce heating/cooling temperature demands for maintaining the interior temperature within comfort
levels when compared to normal mortars (without PCM), or even mortars comprising a single type of
PCM.
© 2015 Elsevier Ltd. All rights reserved.1. Introduction
Nowadays, there is signiﬁcant interest in the application of
innovative technologies to improve the energy efﬁciency of build-
ings, particularly due to increasing concerns about energy sus-
tainability and even global climatic changes [1]. In fact, buildings
consume more than a third of the world's energy [2], which is
directly linked to the rate of growth in the population and the
corresponding increase of energy demand for indoor thermal
comfort. Therefore, it is relevant to develop materials/techniques
that can help maintaining indoor temperatures within comfort: þ351 253 510 217.
ail.com (M. Kheradmand),
r@civil.uminho.pt (J.L.B. delevels, while assisting in the reduction of energy consumption for
such purpose.
One potential methodology for enhancing the thermal behav-
iour of buildings is the use of thermal energy storage materials,
such as PCMs (phase change materials), which are relatively easy to
incorporate into building components. The principle of operation of
PCMs in the scope of building physics can be explained by an
example in which PCM is used as a part of the construction of a
façade: when subjected to temperatures in excess of its melting
temperature range, the PCM absorbs heat by changing from the
solid to the liquid state, thus delaying the ﬂux of heat towards the
interior of the building. Conversely, the stored heat is released
when the temperature drops below the solidiﬁcation temperature
range of the PCM. This leads to better levelled indoor temperatures,
that tend to be in the vicinity of the PCM's melting point, but also
has the interesting feature of shifting the building heating/cooling
load from peak to off-peak electricity consumption periods [3].
Several studies have investigated the use of different types of
PCMs applied in the context of buildings, such as: copolymer
Nomenclature
Cspecimen Speciﬁc heat capacity of the specimen (J/kg K)
CPCM Speciﬁc heat capacity of the PCM (J/kg K)
WPCM Weight ratio of the PCM to the specimen
Cmortar Speciﬁc heat capacity of the plain material (J/kg K)
Wmortar Mass fraction of the plain mortar
U Thermal transmittance (W/m2 K)
TSolAir Soleair temperature (C)
TAir Exterior temperature (C)
a Absorption coefﬁcient of the surface
Ig Global solar radiation (W/m2)
Rse External surface resistance ((m2 K)/W)
r Density of the material (kg/m3)
CðTÞ Temperature dependent of speciﬁc heat capacity (J/kg
K)
T Static temperature (C)
k Thermal conductivity (W/m K)
DSCðTÞs The heat ﬂow across the specimen at temperature T
from the thermogram (m W/mg)
4 Heating rate (C/s)
Dt Time step (s)
q Heat ﬂow (W/m)
heq Convection/radiation coefﬁcient (W/m K)
Ts Surface temperature (C)
Cp Speciﬁc heat capacity (J/kg K)
I Thermal inertia (J/m2 K s1/2)
T Time (h)
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mortars [7], ceiling panels [8], bricks [9], shape-stabilized PCMs
[10], etc.
Incorporation of PCM into plasteringmortars of building facades
can improve thermal efﬁciency of buildings due to their ability to
store energy and it allows to reduce the energy consumption of
heating/cooling systems used to control the indoor temperature of
the room. The incorporation of PCM in mortar or concrete has
shown promising results through lower thermal conductivity and
increased thermal mass [11,12]. It has also been demonstrated that
the incorporation of PCM's into plastering mortars does not impair
their relevant mechanical performance, particularly in regard to
shrinkage cracking sensitivity [13]. PCMs are inert materials, and
PCM in cement based materials have been observed to show sig-
niﬁcant stability after exposure to temperatures well above those of
natural environment by not exhibiting signs of degradation up to
about 200 C [14], as well as no ignition/ﬂammability at such
temperature range [11]. The embedment of PCMs in mortars has
been reported to induce ﬂames when heated to 1000 C [15].
Nevertheless, PCMmortars have shown potential of self-extinguish
of the ﬂame when the heat source is removed, which is a very
positive sign in terms of ﬂame spreading potential in the case of ﬁre
[15].
It is further remarked that the conduction of accurate simula-
tions of the transient thermal behaviour of mortar with incorpo-
rated PCM is relevant subject which has been identiﬁed as requiring
conclusive research outcomes [16], as to allow sound prediction
and optimization of PCM mortar mixes.
Recent research efforts on behalf of the authors of this research
work have been focused on the possibility of using more than one
type of PCM (with distinct melting ranges and speciﬁc enthalpies)
in the same plastering mortar for improvement of the effectiveness
of the PCM-based system [17]. However, such possibility (here
termed as hybrid PCM), was solely assessed at the material level in
what concerns to homogeneity distribution of different materials
matrices within plastering mortar and the behaviour of hybrid
PCM's under DSC (Differential Scanning Calorimetry) testing. Based
on the promising results of such previous works, the present paper
focuses on experimental and numerical testing of the hybrid PCM
concept applied to mortars. Small scale prototypes have been
tested and simulated under realistic daily temperature histories. In
fact, the presence of a wider temperature range in which the phase
changes take place can potentially increase global performance and
versatility of the PCM-based system.
In order to provide deeper knowledge about the advantages of
using more than one type of PCM in the same plastering mortar,
and relate the resulting behaviour to that of a reference mortar(without PCM), the experimental program of this research work
focused on both types of mortar formulation. The experiments
were preceded by a detailed material characterization of the mor-
tars involved, namely the thermal conductivity and the thermal
behaviour by DSC (differential scanning calorimetry). The hybrid
PCM, containing three distinct types of PCMs, was incorporated
into a plastering mortar which was in turn applied as render on
extruded polystyrene (XPS) panels that composed the outer walls
of a hollow cube, here termed as ‘laboratory scale prototype’. A
similar hollow cube was produced using the reference mortar as
coating material. The two cubic prototypes were placed inside a
climatic chamber and subjected to simulated real temperature
variations, thus allowing to evaluate the differences in thermal
performance induced by the two types of tested mortars. A nu-
merical simulation of the experiments was performed with the
intent of better understanding the effects of hybrid PCM on the
thermal behaviour and to gain conﬁdence in the modelling ap-
proaches (i.e. validation). This paves the way for the feasibility of
future conduction of numerical sensitivity studies based on the
lessons learnt from the experiments.
2. Experimental work
2.1. Materials and formulations
2.1.1. Choice of PCMs for incorporation
The choice of the melting temperature of the PCMs for incor-
poration should be anchored in a combination of the intended
thermal comfort range together with the typical climatic conditions
of the location of the building. In Southern European countries
(such as Portugal), the maximum sol-air temperature may reach
44 C in a typical summer day while, the minimum sol-air tem-
perature typically reaches to 5 C during the winter season [18].
Hence, the initial selection of materials for this researchwas limited
to those exhibiting phase change in the temperature range of
10e30 C, which covers the sol-air temperature variations
mentioned above for both winter and summer periods in Portugal.
Microencapsulated PCMs have shown adequate advantages over
bulk PCM because they prevent leakage during solideliquid phase
change, and also provide higher heat transfer area per unit volume
[19]. The selection of PCMs also took into account chemical
compatibility with inorganic materials and the range of available
PCM products available in the market [20].
Based on the reasoning made so far, four types of parafﬁn-wax-
based organic PCMs were considered for the experimental program
reported herein: RT10 with melting temperature of 10 C (from
RUBITHERM parafﬁn RT series), MC28 with melting temperature of
Table 2
Mix proportions of formulations REFM and HPCMM.
Materials Formulations (percentage of the
total weight of mortar)
REFM HPCMM
Cement type I-42.5R (SECIL) 22.64 31.32
Sand 64.23 30.59
Water 12.45 18.79
Super plasticizer 0.63 0.94
RT10 e 6.12
BSF26 e 6.12
MC28 e 6.12
M. Kheradmand et al. / Energy 94 (2016) 250e26125228 C, MC24 with melting temperature of 24 C (from DEVAN
microencapsulated MC series) and BSF26 with melting tempera-
ture of 26 C (from BASF microencapsulated Micronal series DS
5001). The properties of the PCMs selected for this study, as pro-
vided by their suppliers [21e23], are presented in Table 1.
2.1.2. Mortar formulations
According to previous developments of this research team [17],
the formulation of mortars with incorporation of micro-
encapsulated PCM allowed themass fraction of PCM to reach nearly
20% of the global mass of the mortar. In spite of such high incor-
poration level, the performance in terms of several properties of the
mortar was maintained at satisfactory levels, namely in regard to:
workability, compressive strength, ﬂexural strength and adhesion
[13]. The mix designs of the two mortars studied herein, together
with their adopted designations (REFM for the reference mortar
and HPCMM for the hybrid PCMmortar) are presented in Table 2. It
should be noted that, the formulation of mortars HPCMM adopted
herein comprises three distinct PCMs, as opposed to previous
works of this research team in which only two distinct PCMs had
been used [17]. The HPCMM studied incorporates a combination of
three PCMs with melting temperatures of 10 C, 26 C and 28 C.
The choice of these three speciﬁc PCMs, as well as their relative
proportions, was based on a preliminarily set of sensitivity nu-
merical simulations of the thermal behaviour of the prototypes,
which are here omitted for the sake of brevity/continuity. These
three PCMs are placed in equal mass quantity, thus globally
reaching 18.34% of weight within the mortar. Portland cement type
I class 42.5R is adopted as binder. Industrial sand with mean par-
ticle size around 440 mmwas used as inert ﬁller. The detailed grain
size distribution of the sand can be found in Ref. [17]. The mortars
were mixed according to the procedures recommended by EN
1015:3 [24].
Experimental limitations led to the impossibility of testing a
mortar containing a single PCM in the scope of this research work.
Even though this was a undesirable situation, it is not seen as truly
problematic, as the authors have been involved in previous
research works in which numerical simulation of single PCM
mortars has been achieved successfully [25], thus rendering com-
parison of performance of the hybrid PCMmortars with single PCM
mortars to the stage of sensitivity numerical simulations presented
herein.
2.2. Characterization and classiﬁcation of materials
The main goal of the material characterization was to identify
the necessary thermal and physical properties for use in the nu-
merical simulations.
The main thermo-physical properties of the materials used in
both prototypes, REFM and HPCMM, are synthetized on Table 3 and
are detailed next. This table also contains information about the
plates of XPS (extruded polystyrene) that were used in the con-
struction of the prototype walls, according to information provided
by the supplier [26].Table 1
Properties of PCMs, provided by suppliers [21e23].
PCM type Operating temperature
ranges (C)
Latent heat
of fusion (J/kg)
Mel
RT10 2e12 150,000 10
MC24 12e25 162,400 24
BSF26 10e30 110,000 26
MC28 22e32 170,100 28
a No information available on behalf of the suppliers.2.2.1. Dry density
In order to determine dry densities of the mortars, a total
number of 4 specimens were deployed for each mortar mix. The
testing recommendations of EN1015:10 [27] were followed. Firstly,
the specimens were formed into several cubes (with the di-
mensions of 50 mm  50 mm  50 mm). Then the specimens were
kept sealed with a plastic sheet under at laboratory environment
for about 24 h. After that, all specimens were submerged at
20 ± 1 C for 7 days. Then, the cubes were dried at 70 C until
constant weight was reached. The accurate dimensions of the cubes
were measured using a digital calliper with a precision of 0.02 mm,
and their weights weremeasured using an analytical balancewith a
precision of 0.001 g. Dry density was then calculated directly.
Regarding the density difference between REFM and HPCMM, it
is interesting to note that the density of HPCMM is only approxi-
mately 86% of that of REFM. In fact, the smaller density of HPCMM
was expectable in view of the relevance of PCMs in the mix (which
have low densities themselves).2.2.2. Thermal conductivity
The thermal conductivities of the mortars were determined in
four representative specimens of each mortar mix. The measure-
ments were carried out through a steady state heat ﬂow metre
apparatus (ALAMABETA, model Sensora), according to
ISO8301:1991 [28]. Mortars were casted into cylinder moulds with
diameter of 0.1 m and length of 0.01 m respectively, which were
sealed and cured for 28 days at 20 C. Each test specimen is placed
between two parallel plates set at distinct temperatures, whereas
the steady-state heat ﬂux is measured. The thermal conductivity of
the specimen is calculated using Fourier's law of heat conduction
according to [29].
The observed thermal conductivity of HPCMM (0.3 W/m K) is
signiﬁcantly lower than that of REFMM (0.4 W/m K) can induce a
better insulating thermal behaviour of HPCMM in building enve-
lopes, which accumulates with the advantages related to the en-
ergy storage of the PCM.2.2.3. Speciﬁc heat capacity
The determination of speciﬁc heat capacities of the mortar
specimens was performed through DSC testing (NETZSCH 200 F3
Maia), following the methodology recommended by ISO 11357:1ting point(C) Apparent density
at solid state (kg/m3)
Particle size
distribution range (mm)
880 e
a 14e24
350 5e90
a 14e24
Table 3
Thermo-physical properties of the materials used in REFM and HPCMM prototypes.
Thermo-physical properties Ab. Units REFM (internal coating) HPCMM (internal coating) XPS (external coating)
Density r [kg/m3] 1529.5 1309.8 32
Thermal conductivity k [W/m K] 0.4 0.3 0.034
Speciﬁc heat capacity Cp [J/kg K] see Fig. 1 see Fig. 1 1400
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and HPCMM). The specimen preparation for DSC testing followed
the methodology detailed in Ref. [17]. The weight of the prepared
specimens was 24 mg and 37.88 mg, for REFM and HPCMM,
respectively. A low heating rate of 1Cmin1 was considered for all
experiments [31]. The applied program steps for the test procedure
of specimenswere the following: (i) initial isothermal period at 0 C
for 5 min; (ii) dynamic heating up to 40 C according to the pro-
posed rate (1 C min1).
Fig. 1 presents speciﬁc heat capacity curves obtained for REFM
and HPCMM. From such ﬁgure, it can be conﬁrmed that the PCMs
held their characteristics when incorporated into mortar mixture:
in fact, the DSC thermogram of HPCMM reveals three peaks cor-
responding to the three embedded PCMs. However, it can be
observed that the peak temperature of the RT10 in HPCMM shifted
about 6 C above the expectable peak according to the manufac-
turer (10 C). The peak temperatures of the BSF26 and MC28 in
HPCMM were shifted by nearly 2 C. The reason for these de-
viations can be partly attributed to the dependency of results on the
heating rate and the mass of the specimen in DSC testing, as shown
in Ref. [32].
In order to better compare the thermal performance of both
mortars, their thermal inertia was calculated according to Eq. (1)
[33]:
I ¼
ﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃ
r Cp  k
q
(1)
The results of such computation are shown in Fig. 2. It can be
seen that the thermal inertia of HPCMM is higher than that of REFM
for the majority of the studied temperatures, thus highlighting its
higher potential in better attenuating the effects of external envi-
ronmental temperatures in buildings. In fact, with a higher thermal
inertia, a given material can be thermally activated faster and
consequently, more thermal load can be stored during the dynamic
thermal process [33].2.3. Design and fabrication of the prototypes
In order to assess the effect of embedding hybrid PCMs into
plastering mortars used as internal coatings for buildings, twoFig. 1. DSC results for speciﬁc heat capacities of REFM and HPCMM.laboratory-scale prototypes were built. These prototypes consisted
in hollow boxes whose outer walls were materialized by poly-
styrene panels internally coated with the mortars under study. The
materials used for the construction of the prototypes were (from
inside to outside): a 0.02 m thick layer of REFM or HPCMM, and a
0.03 m thick of extruded polystyrene (XPS). The schematic diagram
of prototypes with outer dimensions of 46 cm  46 cm  46 cm is
shown in Fig. 3. The composition of the walls of the test cell is not a
typical one in building envelopes. In fact, the target in this case was
to have a small-sized prototype, with relatively thin walls, which
would however have a thermal transmittance (U z 0.89 W/m2 K)
lower than themaximum limit according to Portuguese regulations
for vertical elements (of U ¼ 1.45 W/m2 K) [34], thus having a
reasonably similar thermal behaviour to actual building envelopes.
In regard to temperature monitoring, PT100 sensors, with 0.1 C
accuracy, were positioned at the geometrical centre of the internal
hollow region, with the ﬁnal intention of monitoring internal
temperature variations within the prototypes.2.4. Thermal performance of prototypes
Each prototype was placed inside a controlled climatic chamber
with inner dimensions of 1.04 m  1.2 m  0.6 m. The climatic
chamber was programmed to follow temperature cycles that
matched the soleair temperature for a vertical wall facing south,
located in the north of Portugal, with consideration of two distinct
seasonal scenarios: summer and winter.
The sol-air temperature (TSolAir) was computed according to Eq.
(2) [25]:
TSolAir ¼ TAir þ aIgRse (2)
TAir is the exterior temperature (C); a is the absorption coefﬁ-
cient of the surface; Ig is the global solar radiation (W/m2); and Rse
is the external surface resistance ((m2 K)/W). The values of exterior
temperature (TAir) and global solar radiation (Ig) were considered
regarding average hourly values recorded for representative days of
summer and winter in northern Portugal (Guimar~aes), obtained
from aweather station located within the campus of the UniversityFig. 2. Thermal inertia of mortars (REFM and HPCMM) in function of temperature.
Fig. 3. Schematic representation and sensor placement of the prototypes. Units: [m].
M. Kheradmand et al. / Energy 94 (2016) 250e261254of Minho. An absorption coefﬁcient a ¼ 0.6 was considered in
correspondence to colour of the surface material (XPS) [35]. The
value of external surface resistance was adopted as Rse ¼ 0.04
(m2 K)/W in accordance to the recommendations of ISO 6946 [35].
As a result of the application of the soleair temperature model, the
24 h cycles shown in Fig. 4 were obtained for summer and winter
scenarios.
A total of four experiments were conducted by submitting the
two prototypes (REFM and HPCMM) to the two environmental
conditions (summer and winter), with each experiment lasting
three full cycles (72 h). The climatic chamber in which the test was
conducted also allowed the control of internal relative humidity,
which was set to the constant value of RH ¼ 50% throughout all the
performed experiments. The physical arrangement of this setup can
be observed at the pictures of the prototype/monitoring shown in
Fig. 5. The readings of temperature sensors placed within the
prototypes were collected through a computer-based data acqui-
sition system (AGILENT 34970A) with a rate of one measurement
per minute during whole period of testing.
2.5. Temperature monitoring results
Themonitored temperatures for both prototypes under summer
day conditions are shown in Fig. 6. It can be observed that the daily
temperature amplitude inside the REFM prototype was of 13 C
(between 33 C and 20 C), whereas the HPCMM prototype
endured a smaller internal temperature amplitude of 8.9 C (be-
tween 31.5 C and 22.6 C). The difference in the minimum tem-
perature recorded within the two prototypes is
22.6Ce20 C ¼ 2.6 C, which is reasonably consistent with theFig. 4. Exterior temperature, solar radiation and soleair temperature (south-orienobservations of Vaz Sa et al. [25], who observed temperature dif-
ferences of 2e3 C in laboratory scale prototypes internally coated
with mortar with a single PCM and without PCM. In the present
study, the use of a hybrid PCM blend also allowed signiﬁcant dif-
ferences in the maximum peak temperatures: 1.5 C difference
between REFM and HPCMM prototypes conﬁrming that HPCMM
can also assist temperature regulation in this range. The delay be-
tween the maximum temperatures registered inside climatic
chamber and inside the HPCMM prototype was of nearly 4.5 h, in
opposition to a smaller delay of ~3 h associated to the REFM
prototype.
It is interesting to note that, the minimum temperature ach-
ieved on the HPCMM prototype is mostly close to the phase tran-
sition of BSF26 andMC28 (see the DSCmeasurements in Fig. 1). The
collected results for this summer scenario revealed that hybrid PCM
acts by reducing inside temperature amplitudes during the day,
levelling them and turning them closer to comfort temperature
levels (around 24 C). All this has occurred in spite of the fact that
the RT10 PCM embedded in HPCMM was never activated within
this summer scenario. It is also worth remarking that the differ-
ences in behaviour were not only caused by the energy storage
effect. Indeed, the HPCMM had a slightly smaller thermal conduc-
tivity that (see Table 3) has also contributed to reduce heat ﬂuxes
inwards and outwards the prototype. Nonetheless, the HPCMM also
had a relevant downside to overcome: as it is density was smaller
than that of REFM (see Table 3), its volumetric heat capacity could
have been reduced to an extent that might have been detrimental
to its performance. That was not the case due to the increased
speciﬁc heat of HPCMM (as shown in Fig. 1) that compensated for
its lesser density.ted wall) for: (a) a summer day and (b) a winter day in Guimar~aes, Portugal.
Fig. 5. (a) Photo of the prototype before testing, highlighting the location of the temperature sensor; (b) Prototype within the climatic chamber, ready for testing.
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for the winter scenario are shown in Fig. 7. It can once more be
observed that the thermal amplitudes inside the prototype were
lower for the case of HPCMM (4 C) as compared to REFM (5.6 C). In
order to better interpret the temperature evolution within the
HPCMM prototype, the reader is redirected to Fig. 1, where the DSC
testing results were plotted: even though the announced melting
temperature of RT10 PCMwas of 10 C, its phase change inﬂuence is
most signiﬁcantly felt in the range 8Ce16 C, with particular
importance at the vicinity of 14 C. The monitored temperatures
within the HPCMM prototype clearly allow the identiﬁcation of the
phase change activity of RT10 PCM. In fact, relevant heat release can
be identiﬁed in the points labelled as X1 andX2 in Fig. 7, thus leading
the HPCMM prototype to have its lowest temperature increased byFig. 6. Monitored temperatures of the prototypes with inner coatings made of HPCMM
and REFM under summer scenario.0.6 C in comparison to the REFM prototype. The converse phase
transition of melting (with heat absorption) can also be identiﬁed in
points Y1 and Y2, identiﬁed in Fig. 7, with decrease of themaximum
interior temperature of HPCMM prototype by 1 C in comparison to
REFM. However, it should be stressed that, neither REFM nor
HPCMM prototypes meet the desirable thermal comfort levels for
buildings. This situation would not be acceptable in a real case
scenario, where a heating element would be added to the system.
Even though suchheating elementwas not included in this research,
the increased capacity ofHPCMM in attenuating thermal amplitudes
as compared to REFM was demonstrated as intended. Further
research works of this team will speciﬁcally focus on integrating a
heating element within the studied prototype and directly evaluate
energy savings associated to the inclusion of hybrid PCM mortars.Fig. 7. Monitored temperatures of the prototypes with inner coatings made of HPCMM
and REFM under winter scenario.
M. Kheradmand et al. / Energy 94 (2016) 250e261256The overall observations for this winter scenario are similar to
those already reported above for summer scenario: the incorpo-
ration of PCM leads to a signiﬁcant attenuation of the amplitude of
the effects of the external temperature, with reduction of peak
temperatures and an increase in minimum temperatures.
3. Numerical simulation
3.1. Governing equations
The general transient heat balance equation [36] was applied for
the numerical treatment of the heat transfer processes in the
studied prototypes. All involved materials are considered homo-
geneous and isotropic. The effect of natural convection due to po-
tential convective ﬂows inside/outside the prototypes was
neglected. The feasibility of this simpliﬁcationwas checked through
parametric analyses in which natural convection was actually
modelled through a computational ﬂuid dynamics approach. It is
worth to mention that, the average relative difference between
simulations that considered or neglected the effect of natural
convection was below 2% for both cases of tested/simulated mortar
(REFM and HPCMM). From an engineering point of view, and
bearing in mind the intents of this paper, the simpliﬁcation of
neglecting natural convection can thus be considered as plausible.
The description of such parametric analyses is omitted here for the
sake of brevity. This simpliﬁcation is nonetheless coherent with
criteria already adopted in similar situations by Vaz Sa et al. [25].
Therefore, the heat conduction can be mathematically formu-
lated as a function of time t and the spatial coordinates x, y, z [36]:
r CðTÞ  vT
vt
¼ k
 
v2T
vx2
þ v
2T
vy2
þ v
2T
vz2
!
(3)
where T is temperature (C), k is the thermal conductivity of the
material (W/m K), CðTÞ is the temperature dependent speciﬁc heat
capacity (J/kg K), and r is the density of the material (kg/m3).
In regard to boundary conditions applied to the temperature
ﬁeld computation based on Eq. (3), the corresponding heat ﬂows
are taken into account through a convective/radiative boundary
ﬂux, as shown in Eq. (4), where T is the temperature (C), Ts is the
surface temperature (C) and heq is a convection/radiation coefﬁ-
cient that depends on air speed (W/m K) [37]:
q ¼ heqðT  TsÞ (4)
3.2. Phase change modelling
Several methods have been used to simulate the latent heat
energy release/absorption during phase change processes [16,38].
Lamberg et al. [39] report that computations that consider the
effective heat capacity method to simulate the phase change effects
have a quite similar performance to those that use the enthalpy
method (with slight advantage to the effective heat capacity
method). The work reported herein also started by considering
both methods and reach similar conclusions of better performance
of the effective heat capacity method. For that reason the phase
change simulation reported herein shall only adopt the effective
heat capacity method. In this basis, phase changes were modelled
through a simpliﬁed approach by which the energy release/ab-
sorption associated to the phase change process is considered
through artifacts applied to the speciﬁc heat capacity term shown
in Eq. (3). This strategy of simulation of the enthalpy of phase
change consists in increasing the heat capacity value of the mortarduring such process, and is usually termed ‘effective heat capacity
method’ [16]. The computation of the speciﬁc heat capacity of the
specimen along the tested temperatures CðTÞ(J/g K) is made ac-
cording to Eq. (5):
CðTÞ ¼

DSCðTÞs

4
(5)
where DSCðTÞs the heat ﬂow across the specimen at temperature T
from the thermogram (m W/m g), and 4 is the heating rate (C/s).
It is noteworthy to remark that, in the effective heat capacity
method, the sensible heat and latent heat are not distinguishable;
therefore, the state of the PCM is not perceptible.
Even though the experimental program did not encompass
testing of a prototype containing a single type of PCM embedded,
such situation was tackled in the numerical simulation, as to
illustrate the performance advantages of the hybrid PCM concept
(HPCMM). Therefore, a single PCM mortar, termed as SPCMM will
be added to the process of numerical simulations. The single PCM
mortar selected for such comparison corresponds to a mix that has
been performed and tested in previous works of this research team,
which contains 18.34% weight of PCM [13] with melting tempera-
ture of 24 C. It is worth to mention that, such a melting temper-
ature (around 24 C) is usually used for human thermal comfort
purposes [8,40]. Furthermore, three ﬁctitious single PCM mortars
made of 18.34% of RT10 (here termed as SPCMM10), BSF26 (here
termed as SPCMM26) and MC28 (here termed as SPCMM28)
distinctly were also considered for the purpose of comparison in
term of energy saving.
As the experimental program did not include the thermal
characterization of single PCM mortars, their properties had to be
estimated for the numerical simulations. In order to support such
estimates, speciﬁc DSC experiments were conducted on the rele-
vant PCMs: RT10, MC24, BSF26 and MC28. One specimen per each
type of PCM was considered and the weight of the prepared
specimens was of 4.185 mg, 5.76 mg, 5.271 mg and 5.126 mg for
RT10, MC24, BSF26 andMC28 respectively. The applied program for
DSC testing was analogous to those already made for mortars
(detailed in section 2.2). The graph of Fig. 8a shows that obtained
results are in accordance with the characteristics given by the
manufacturers [21e23].
In order to estimate the speciﬁc heat capacity curve of single
PCMmortars (to be used in the numerical simulations), the method
forwarded by Tittelein et al. [41] was utilized. It consists in a pro-
portional mixing law for the speciﬁc heat, based on the constitu-
ents of the mortar, their weight proportions and their individual
speciﬁc heat capacities. Therefore, the speciﬁc heat capacity of the
mortar can be estimated through Eq. (6):
Cspecimen ¼ CPCM WPCM þ Cmortar Wmortar (6)
where Cspecimen is the speciﬁc heat capacity of the specimen (J/kg
K); CPCM is the speciﬁc heat capacity of the PCM (J/kg K); WPCM
weight ratio of the PCM to the specimen; Wmortar mass fraction of
the plain mortar and Cmortar is the speciﬁc heat capacity of the plain
mortar (J/kg K). Therefore, the speciﬁc heat capacities that
considered for the mortars are presented in Fig. 8b.
For the particular case of SPCMM, values of relevant properties
were obtained from a previous research with this mortar [42]:
density of 1360.9 kg/m3 and thermal conductivity of 0.2 W/m K.
And also these values were considered with same quantities for
other single PCM mortars with RT10, BSF26 and MC28.
Fig. 8. (a) Speciﬁc heat capacities calculated with the DSC outputs for the pure PCM specimens (RT10, MC24, BSF26 and MC28); (b) Estimated speciﬁc heat capacity curves of the
single PCM mortars.
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The transient heat conduction equation is discretized through
the FVM (ﬁnite volume method) using ANSYSeFLUENT [43]. Time
discretization was handled through a ﬁrst order scheme.
The computational mesh was built by using hexahedral cells (8
nodes) with typical size of 106 m3. A constant time step (Dt) of
300 s was also considered. The grid size and the time step were
chosen after careful examination of the independency of the results
to these parameters. Taking into account the nonlinearities of the
solution process associated to the phase change processes, which
induced temperature dependency on the speciﬁc heat, speciﬁc
attention was given to the accuracy of results in such concern. In
this way, the energy-based convergence criterion was checked at
each time step, with relative variation under 107 [5,44].
In speciﬁc regard to the simulation model of the
0.46 m 0.46 m 0.46 m prototype, two vertical symmetry planes
were considered, leading to the necessity of solely modelling one
fourth of the prototype (0.23 m  0.23 m  0.46 m), according to
the geometry shown in Fig. 9. The generated ﬁnite volume mesh
resulted in 25944 cells, depicted in Fig. 9. The exterior top, bottom
and lateral surfaces (except for the symmetry planes), were
assigned with convective thermal boundary conditions, taking into
account the varying temperature imposed in the climatic chamber.
As the prototypes were placed inside an indoor climatic chamber, a
value ofheq ¼ 5 W/m K [37] was considered for the surface con-
vection coefﬁcient, in correspondence to near stagnant air condi-
tions. In the symmetry planes, adiabatic boundaries were
considered.
It should be mentioned that, the characteristics of the air ma-
terials used in the simulation are in correspondence to the air
temperature of 24 C as forwarded: density of 1.225 kg/m3, speciﬁc
heat capacity of 1006.43 J/kg K and thermal conductivity of
0.0242 W/m K.
3.4. Results of the numerical simulations
The numerical algorithmwas initially validated by comparing its
predictions with experimental results available in the literature.
The available experimental work by Vaz Sa et al. [25] has been
considered to validate the model. Such experimental work
encompassed similar small-scale prototypes, which contained a
single-PCM mortar. The simulation framework adopted herein isfairly similar, and its validation was achieved by simulating the
experiments of Vaz Sa et al. [25], with differences of predicted
temperatures below 0.1 C in comparison to their experimental
results. Such conﬁdence in the numerical simulation framework
was a cornerstone to the remaining numerical simulations pre-
sented in this paper.
The comparison of experimental and simulation results for
prototypes with REFM and with HPCMM is shown in Fig. 10 for the
summer scenario, and in Fig. 11 for the winter scenario. From
observation of both ﬁgures, it can be conﬁrmed that the numerical
predictions for the Tet evolutions match quite closely the ones
measured by the temperature sensor (PT100), within error margins
below 0.1 C. Even though the simulation of the winter scenario
was successful, thus adding value to the validation of the simula-
tion framework, no further discussions will be made on such sce-
nario due to the reasons highlighted before, according to which the
prototype for winter would need to take into account the existence
of heating devices to bring temperatures nearer comfort levels.
Based on the high conﬁdence level provided by the validations
mentioned above, a further simulation was carried out for the
summer scenario, in which the mortar of the prototype encom-
passed a single type of PCM with melting temperature of 24 C
(termed SPCMM), with the composition mentioned in section 3.2.
The results of such simulation can better assist evaluating the po-
tential beneﬁts that the hybrid PCM concept can bring about. The
results of the simulation for SPCMMare included in Fig.10 for direct
comparison of performance with REFM and HPCMM.
Smoother heating/cooling processes are exhibited for the cases
in which PCM-based mortars are used (both HPCMM and SPCMM)
in comparison to the reference mortar.
As it can be seen in Fig. 10, the maximum peak temperatures are
reached with about 4.5 h delay in comparison to the maximum
peak in the climatic chamber, regardless of the fact that the mortar
has PCM or not. Furthermore, the minimum temperatures are
reached with delays of nearly 3 h, 4 h and 5.5 h for the cases of
REFM, HPCMM and SPCMM compared with the minimum envi-
ronmental temperature respectively. Minimum temperatures in
the SPCMM and HPCMM are nearly 2 C and 2.5 C higher than in
the REFM case.
It is interesting to note that, heating and cooling processes are
smoother for the HCPMM prototype than for the simulated SPCMM
prototype. The reason might be due to the existence of a wider
phase change domain in the case of HPCMM (between 2 C and
Fig. 9. eThe 3D geometric model, model mesh and zoomed mesh.
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actuation of MC24 seen in Fig. 8 (approximately ranging from 12 C
to 24 C).
The surface temperature of internal walls is one of the most
important thermal comfort parameters in a room [45]. The
following analysis shows the effects of latent heat storage on the
thermal behaviour of the internal plastering mortar.
To better understand the PCM action, Fig. 12 compares the
simulated temperature evolution at mid-depth of the mortar layer
for both the HPCMM and REFM prototypes under summer and
winter scenarios with the corresponding external environmental
temperature. In this ﬁgure, the relevant phase change domain
temperatures of the PCMs present in HPCMM are signalled with a
shaded region: (i) for the summer scenario, the shaded region
ranges 20.5Ce27.5 C corresponding respectively to the onset
temperature of BSF26 and the end temperature of theMC28; (ii) for
the winter scenario, the shaded region ranges 9Ce16 C, corre-
sponding to the onset and end temperatures of RT10. Fig. 12a,b
shows that the internal mortar temperature (labelled as P) for
HPCMM keeps within its phase change domain for about 67% and
100% of the time of each daily cycle, respectively. This is a clear
indication that the capacity to store/release energy of the PCMs
present in the mortar is being constantly or almost constantly
deployed, in correspondence to an adequate design of the hybrid
PCM blend.Fig. 10. Experimental versus numerical values for test cells REFM and HPCMM
(Summer scenario).For further illustration of the effect of PCM in the mortar, Fig. 13
shows the calculated temperature proﬁle in the wall layer of the
HPCMM prototype at several instants within a given daily cycle
(summer scenario). The selected instants that range 1 he15 h show
that the HPCMM layer is enduring a quasi-isothermal state at such
stage (attained by latent heat storage/release), while the temper-
atures in the outer XPS layer keep oscillating with signiﬁcant gra-
dients, according to the outer environmental temperature [9].
Naturally, this capacity is manifested within the relevant melting
ranges of the PCMs present in the mortar, as identiﬁed by hori-
zontal dashed lines in Fig. 13: onset temperature of 20.5 C for
BSF26 and end temperature of 27.5 C for MC28. Similar ﬁndings/
conclusions can be attained by analysis of the winter situation.
The potential to save energy induced by the presence of hybrid
PCM materials may be discussed with basis on the observation of
the various temperature evolutions. In some studies [46,47], the
calculation of accumulated energy was performed based on heat
ﬂux measurements. However, in the absence of heat ﬂux mea-
surements, this work relies on a simpliﬁed approach that can pro-
vide indirect information about energy savings for cooling. The
process is quite simple and it is illustrated in Fig. 14. First, a
maximum threshold temperature for comfort was established as
26 C for the summer scenario, in coherence with the recommen-
dations of ASHRAE [48]. When the temperature within the studied
prototype overcomes this threshold, the internal environment isFig. 11. Experimental versus numerical values for test cells REFM and HPCMM (winter
scenario).
Fig. 12. Simulation of evolution of temperature at mid-depth of the mortar layer (labelled as P) for both REFM and HPCMM prototypes: (a) summer scenario; (b) winter scenario.
Fig. 14. Theoretical bases of temperature along time strategy with respect to the
thermal comfort level during a cycle (includes a day and a night).
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is calculated by integrating the timeetemperature diagramwith the
baseline of the threshold temperature (shaded Region A in Fig. 14).
The global value of such penalty function for a full daily cycle is
expressed as the TT index (units: C h). This TT index can be used as
a comparative performance indicator in terms of cooling needs: the
higher the index, the higher the cooling energy demands are.
The results of the calculated TT index are shown in Fig. 15. These
results reveal that, in the tested summer day, the HPCMMmortar is
clearly the best-performing material in terms of thermal comfort
and potential energy savings. Indeed, it outperforms any of the
other alternatives by more of 50% reduction in TT. It is also inter-
esting to note that inadequate selection of PCM can bring even
worse behaviour as compared to REFM. This is the case of
SPCMM10 and SPCMM (includes MC24). The reason for this
decreased behaviour is that the phase change of both these PCMs
(ranges of operation identiﬁed in Fig. 8) is never mobilized with the
sol-air temperature that is being imposed to the prototype (see
Fig. 4), and also because the volumetric speciﬁc heat of SPCMM10
and SPCMM is smaller than that of REFM.
4. Conclusions
In this paper, a set of experiments and numerical simulations
were performed in order to demonstrate the transient thermalFig. 13. Temperature variations along the thickness of the wall of HPCMM prototype at
different hours in summer scenario.
Fig. 15. Comparison between different cases on the total required cooling temperature
through time (based on calculation of region A) in order to turn the temperature at
comfort level.
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compared to the behaviour of regular mortars, or those containing a
single type of PCM. After an initial round of characterization of the
materials involved in the experimental program, laboratory scale
prototypes that consisted inhollowboxes renderedwith themortars
under test, were deployed as to evaluate the capacity of the tested
mortars in effecting inner temperatures of the prototypes them-
selves. Two prototypes, containing REFM (respectively a reference
mortar) and a mortar containing and hybrid blend of embedded
PCMs (HPCMM), where submitted to realistic daily temperature
cycles and inner temperatures were recorded. Finally, a set of nu-
merical simulations of the thermal behaviour of the prototypes was
performed through the ﬁnite volume analyses method, aiming
validation of simulation capacity, but also for further sensitivity
analysis of test situations that were not experimentally assessed.
From the conducted research the following main conclusions
were obtained:
1) The prototype rendered with HPCMM allowed a much stronger
attenuation of the external thermal amplitudes on its interior, as
compared to the situation of the REFM prototype. This situation
was observed in both summer and winter scenarios.
2) The adopted framework for numerical simulation has shown
adequate predictive capacity by reproducing the experimental
results of all experiments with an error margin that was always
below 0.1 C. This validation of simulation capabilities provided
grounds for the conduction of further simulations for sensitivity
analyses.
3) Based on the set of experiments and simulations, it was also
inferred that the utilization of hybrid PCM blends has revealed
the capacity to better attenuate daily environmental thermal
amplitudes within the test cells for both summer and winter
scenarios as compared to any of the other studied alternatives
(reference mortars or single PCM mortars). Indeed the combi-
nation of several PCMs with melting points that cover a large
range of temperatures allow this solution to be advantageous in
a much broader sense than classical single PCM approaches that
tend to have amore limited scope of activation and usefulness. It
could even be demonstrated that a bad choice of PCM melting
points in a given blend can even induce worse behaviour than
that which would be expectable in a traditional mortar.
4) Even though direct conclusions could be obtained in regard to
the potential of cooling energy saving harvested by the use of
hybrid PCM blends in the summer scenario (using the TT index),
no direct conclusions can be taken for the winter scenario.
Indeed the winter experiments/simulations just allowed
demonstrating that the hybrid PCMmortar still outperforms the
referencemortar in reducing internal thermal amplitudes inside
the prototype. However, the range of internal temperatures in
the prototype was unrealistically low as compared to the desir-
able thermal comfort ranges. Therefore, in order to obtain more
deﬁnite conclusions in this concern, new further experiments
are being deployed, in which an internal heater is placed in the
prototypes, and the performance assessment inwinter scenarios
is made directly through the energy savings in heating as to
maintain internal temperature within acceptable comfort limits.
As a ﬁnal note, it is pointed that the concept of blending more
than one type of PCM into plastering mortars has revealed prom-
ising performance capacity. The up scaling of this concept is bound
to bring added value to thermal performance of buildings. Indeed,
by being able adequately predict the behaviour of such blends of
PCMs in the scope of real buildings, it will be possible to tailor the
optimum blends for speciﬁc needs, both in terms of façade orien-
tation, but also regarding the building location as a whole.Acknowledgements
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